ABSTRACT A laboratory experiment compared development and kikuyu, Pennisetum clandestinum Hochst. ex Chiov. South, consumption in preimaginal grass webworm, Herpetogramma licarsisalis (Walker), at 15, 18, 20, and 25ЊC. Mean developmental time from oviposition to adult emergence was 25.0 d at 25ЊC, 43.4 d at 20ЊC, 50.4 d at 18ЊC, and 81.4 d at 15ЊC. Survival decreased with decreasing temperature but not signiÞcantly. Total and daily kikuyu leaf area consumed per larva differed signiÞcantly with temperature. Leaf consumption increased exponentially with instar. Some larvae developed through six instars, rather than the usually reported Þve, at temperatures Ͻ25ЊC. Compared with Þve-instar H. licarsisalis, those with six instars spent longer in the egg stage, had smaller head capsule widths at all but Þrst instar, faster developmental rates but lower kikuyu consumption for each stadium above the second, and slower eggÐadult development. Developmental time from egg to adult emergence was signiÞcantly shorter for females than for males due to a shorter female pupal stage. Results from this experiment support the view that H. licarsisalis is surviving close to its lower developmental limits over the winter period in Northland, New Zealand, and provide data that will be useful in conjunction with Þeld-collected data for predicting potential geographical distribution and survival.
ary). Accurate climatic data are not available for the Aupouri Peninsula, which extends Ϸ95 km north of Kaitaia, but due to its long, narrow shape and the resultant maritime inßuence, temperatures there are likely to be 2Ð3ЊC warmer than at Kaitaia (Hardwick et al. 2000) . Because H. licarsisalis has a largely tropical distribution, its biology has been studied mostly at temperatures of 25Ð35ЊC (Hammad et al. 1968; Tashiro 1976 Tashiro , 1977 Barrion and Litsinger 1987) . There is little information on H. licarsisalis development at the lower temperatures more typical of the New Zealand climate (Tashiro 1976) .
Estimates have been made of damage levels caused by H. licarsisalis to pasture and turfgrass species (Davis 1969 , Murdoch et al. 1990 ) and feeding preferences for different grass species and cultivars assessed (Murdoch and Tashiro 1976 , Tashiro 1977 , Grant 1982 ; however, food consumption by larvae at different temperatures and consumption by individual larvae have not been reported.
This study assessed rate of development and amount of kikuyu consumed by laboratory-reared larvae at four different temperatures. The temperatures were chosen by investigators as those likely to be encountered by the Aupouri Peninsula populations. These data will be useful in modeling development and estimating future distribution patterns of H. licarsisalis in New Zealand.
Materials and Methods
In March 2001, newly emerged adult H. licarsisalis reared from Þeld-collected larvae were caged in 800-ml plastic containers in breeding pairs (i.e., one male and one female) in a temperature (25ЊC)-controlled environment room. Each pair of moths was supplied with 400 l of 10% honey solution and 400 l of 20% sucrose solution in separate vials, and a kikuyu (ÔBreakwellÕ) tiller with attached roots that were wrapped in damp tissue paper and enclosed in a plastic bag. Over a period of 2 d, eggs laid overnight by the females were collected and placed in 70-ml plastic specimen vials. For a given female, only eggs laid on the same night were used. One egg mass from each female was placed in each of four controlled environment rooms at 15 (Ϯ0.4), 18 (Ϫ0.4/ϩ0.3), 20 (Ϫ0.7/ ϩ0.3), and 25ЊC (Ϯ1) with photoperiods of 16:8 (L:D) h light. Eggs were monitored daily for hatching. As larvae emerged, they were placed individually in specimen vials. Three larvae at each temperature treatment from each of 11 moths (33 larvae per treatment) were used in the study. Digital images of the head capsules of 20 larvae per treatment were captured using Dazzle Digital Video Creator and associated software (Dazzle*, Digital Video Creator and Photomaker 1999). Images were taken every 24 h at 100 or 160ϫ magniÞcation, depending on larval size. The same individuals were measured on each occasion, except when a larva died or pupated, in which case a different larva within the treatment was added to the monitored group. The image analysis program Scion Image (Scion Corporation 2000) was used to measure the width of each head capsule (Fig. 1A) , and the data obtained used to calculate larval developmental rates. To assess the level of error associated with the method, images of the head capsules of Þve third instars were captured 10 times each at 100ϫ magniÞcation and then head widths were measured from each of the images Þve times. The data were analyzed using Residual Maximum Likelihood (REML) (Patterson and Thompson 1971) in GenStat (GenStat Committee 2002) to get variance components. The variance components of measurements between larvae, between photos of an individual larva, and between measurements of an individual photo were 0.0035, 0.000089, and 0.00018, respectively. The coefÞcient of variation% between larvae for one measurement from one photo was 9.3% compared with 8.9% for pure larva to larva variability. Larval molting was identiÞed both by the premolting appearance of the larva (Fig. 1B) and the subsequent increase in head capsule width.
Kikuyu plants were grown in potting mix in a glasshouse at ambient light and temperature. Fresh leaf segments were supplied daily to each larva in amounts estimated to be slightly more than required. The amount of kikuyu consumed was assessed by photocopying each leaf segment before supplying it to a larva (prefeeding) and then photocopying what remained after 24 h (postfeeding). The photocopied images were scanned and leaf areas calculated using the Scion Image program (Scion Corporation 2000) . To estimate leaf shrinkage from desiccation Þve control vials not containing larvae were set up for each temperature. Kikuyu segments were placed in the vials and measured as described above. Excess moisture and frass were removed from all vials at each feeding.
No kikuyu was supplied after pupation. Pupae were monitored daily until adult emergence. The date of emergence and the sex of the adult were recorded.
Because head capsule widths were measured daily for only a subset of larvae and sex was retrospectively determined only for those larvae that developed to adults, several analyses of the data were carried out. To determine whether temperature affected H. licarsisalis development, an initial analysis maximizing replication used temperature as the only Þxed term for comparisons of treatments. To investigate how temperature affected development, analyses were repeated with temperature, number of instars from egg to pupa (i.e., Þve or six), and their interaction as Þxed terms. This was done for the three lower temperatures only, because only Þve-instar larvae developed at 25ЊC. Analyses were also conducted using temperature, sex and their interaction to determine whether gender inßuenced development. In all analyses, adult breeding pair and adult breeding pair by temperature were included as random terms.
Data relating to one larva in the 15ЊC treatment were omitted from the analyses because the larva developed unusually slowly compared with all other larvae in the study (described in Results).
All analyses were done in Genstat, 6th ed. (GenStat Committee 2002) . Data were log transformed where necessary to equalize the variance to better meet the normality assumptions of the analysis. Head capsule width, development time and consumption data were analyzed using REML to combine temperature and instar effect information from the between-parent and the between-larvae strata. Analysis of the proportion of H. licarsisalis surviving from Þrst instar to adult and a comparison of the proportion of larvae with Þve or six instars were conducted using regression analysis of binomial data. The proportions of male and female moths that emerged at each temperature were analyzed by 2 test of association between the factors temperature by sex. Linear regression equations were obtained using Microsoft Excel 2002.
When analyzing the amount of leaf consumed, data from the Þve control treatments at each temperature were used to calculate the percentage of shrinkage of the leaf due to desiccation. This variable (control shrink percentage) was analyzed using REML with temperature, day, and temperature by day as random effects. All these effects were statistically signiÞcant so the temperature by day means for percentage of shrinkage were used to adjust the leaf area consumption data. This adjustment was performed in two ways, and the average of the two used in the Þnal analysis. Method A used the percentage of shrinkage value to calculate the size a given leaf was expected to be after a 24-h period if it was subject only to desiccation. The difference between this value and the actual postfeeding value was assumed to be due to larval feeding.
Method B calculated what the area of the postfeeding leaf would have been if no shrinkage from desiccation had taken place. Again, the difference between the prefeeding area and the calculated postfeeding area was assumed to be due to larval feeding.
Consumption A ϭ
Pre-feeding area ‫ء‬ ͩ 100-control shrink percentage 100
Pre-feeding area Ϫ ͩ post feeding area 100-control shrink percentage ‫ء‬ 100 ͪ For analyses of the amount of leaf consumed, any larvae that died were not included in analyses associated with the instar in which it died. For analysis of consumption over the whole larval period, only data sets complete from Þrst to Þnal instar were used. When calculating consumption, larvae were considered to be at the instars observed on the postfeeding dates.
Results
Daily measurement of larval head capsule widths showed that at 15, 18, and 20ЊC, some larvae required six instars to complete development rather than the generally reported Þve. Of those that successfully reached adulthood, 64% went through six instars at 15ЊC compared with 15, 20, and 0% at 18, 20, and 25ЊC, respectively (standard error of the difference between means [SED] ϭ 18.4, P Ͻ 0.01) (Table 1) . Larval, pupal, and overall survival to adulthood all decreased with decreasing temperature, but differences were not statistically signiÞcant for any of the life stages (Table 1) . Survival from pupa to adult was 64% in the six-instar group compared with 92% in the Þve-instar group but again the difference was not signiÞcant (SED ϭ 13.8, NS).
Within the two groups of larvae (Þve-and six-instar larvae) head capsule widths at each instar fell into discrete ranges (Table 2) , except for a slight overlap between fourth and Þfth instars in the six-instar group. Head capsules of six-instar larvae were signiÞcantly smaller than those of Þve-instar larvae at each instar above the Þrst; however, larvae developing through six instars had larger head capsules in the Þnal stadium before pupation than larvae that developed in Þve instars (SED ϭ 0.020, P Ͻ 0.001).
After accounting for differences between Þve-and six-instar larvae, head widths of Þrst to third instars were found to be affected by temperature (data not shown). Head widths of Þrst instars decreased with increasing temperature (P Ͻ 0.001), whereas third instar head widths increased with increasing temperature (P Ͻ 0.001). Second instars had larger head widths at 18 and 25ЊC than at 15 and 20ЊC (P Ͻ 0.001). Within each instar group, head widths of fourth to sixth instars did not vary with temperature.
With decreasing temperature between 25 and 15ЊC, the length of each life stage increased (P Ͻ 0.001) ( Table 3) . H. licarsisalis held at 25ЊC developed nearly three times more quickly than larvae at 15ЊC. Developmental rates from egg to adult showed an approximately linear increase with temperature (y ϭ 0.0028x Ϫ 0.0301, R 2 ϭ 0.972). One larva from the 15ЊC treatment was omitted from the analyses because the time spent in the Þrst instar (17 d) was markedly longer than that for all other larvae at this temperature (6.4 d, Table 1 ). Subsequent development was similar to the average developmental time at each stage.
Whereas six-instar larvae spent less time in the third to Þfth stadia than Þve-instar larvae (P Ͻ 0.05), and less time in the pupal stage (P Ͻ 0.001), the extra instar and the longer time spent in the egg stage (P Ͻ 0.001) extended the total time from oviposition to adult emergence for the six-instar group by 3 d (P Ͻ 0.001) ( Table 4) . A highly signiÞcant (P Ͻ 0.001) temperature by instar number interaction showed that larvae in the Þve-instar group emerged from eggs signiÞ-cantly earlier (8.3 d) than those from the six-instar group (8.8 d) at 15ЊC but not at 18 or 20ЊC (6.5 and 5.9 d, respectively, for both instar groups). Times spent in the Þrst and second stadia did not differ signiÞcantly between the instar groups. There was a much greater difference in developmental time in the Þfth stadium between Þve-instar and six-instar at 15 than at 18 or 20ЊC (13.9, 9.2, and 7.6 d for Þve-instar larvae and 7.7, 6.4 and 3.7 d for six-instar larvae at 15, 18, and 20ЊC respectively; P Ͻ 0.001).
For all instars, head widths were similar for male and female larvae (with sex being determined retrospec- Ratios of male to female adults differed slightly between temperature treatments (data not shown), but the differences were not signiÞcant. Over all the treatments, slightly more females emerged than males (male:female ratio of 1:1.1). The estimated area of leaf consumed by each larva was affected by errors associated with leaf shrinkage as described in Materials and Methods. The magnitude of these errors was such that leaf consumption by Þrst and second instars could not be assessed accurately using this method. For later larval stages total leaf area (square millimeters) consumed by each larva was greater at 20ЊC than at 15ЊC (P Ͻ 0.05), with larvae in the 18 and 25ЊC treatments eating intermediate amounts (Fig. 2) . Daily leaf consumption (square millimeters) increased with temperature (P Ͻ 0.001) (Fig. 2) . Linear regression of the daily consumption data gave an equation of y ϭ 24.36x Ϫ 274.03, R 2 ϭ 0.858.
The area of kikuyu leaf consumed in total and per day over the whole larval period did not differ significantly between Þve-and six-instar larvae (data not shown). There was no interaction between temperature and number of instars that affected consumption. Five-instar larvae in the third to Þfth stadia, however, consumed more kikuyu both in total and per day than six-instar larvae at the corresponding stadia (P Ͻ 0.001). The quantity of leaf consumed over the period of each stadium and the daily consumption increased with each successive instar. Approximately 80% of the total larval food requirement was consumed during the Þnal stadium before pupation.
Discussion
H. licarsisalis reared in this experiment at 25ЊC completed development from egg to adult in a similar length of time to that reported by Tashiro (1976) . Tashiro (1976) also investigated H. licarsisalis development at 15Ð16ЊC and found high mortality rates (50%) and retarded development, although no information on developmental rate was given. Other research into H. licarsisalis development has been conducted at higher temperatures (Hammad et al. 1968 , Tashiro 1976 , Barrion and Litsinger 1987 ).
An estimated lower developmental threshold of 10.8ЊC can be calculated for H. licarsisalis by using a straight line regression of developmental rate versus temperature data from this experiment. With only four temperature treatments and relatively low replication within each treatment, however, it is not possible to be certain that this is an accurate estimate. The relatively high mortality rates at 15 and 18ЊC and the signiÞcantly greater number of six-instar larvae at 15ЊC indicate that these temperatures are approaching the lower threshold for H. licarsisalis development and may therefore fall at least partially within the lower nonlinear portion of the growth curve. In this case, the value calculated using a straight line regression would be too low (Dent 1997) . It may therefore be inferred that the lower developmental threshold for H. licarsisalis falls somewhere between 10.8 and 15ЊC. This Ns, not signiÞcant; **, P Ͻ 0.01; ***, P Ͻ 0.001 Variability in the number of instars, known as developmental polymorphism, has not been shown for H. licarsisalis previously, but it is known for many other Lepidoptera (Wigglesworth 1967 , Tashiro 1976 , Danks 2000 . Additional instars are thought to result from a failure to reach a critical size for pupation (Nijhout and Williams 1974), so it is not surprising that developmental polymorphism has been linked to environmental factors that affect insect growth, such as temperature (Smith 1984) and nutrition (Leonard 1970) . It has been suggested that it is an adaptive mechanism that allows a species to respond quickly to changes in its environment (Leonard 1970) . By reducing larval size and increasing the number of molts in response to low temperatures, a species can extend its developmental period through adverse conditions (Guppy 1969) . In addition, the presence of larvae from different instar groups at one time allows a species to occupy a wider niche under difÞcult conditions (Smith 1984) , thereby improving its chances of survival. These theories, however, do not seem adequate in the case of H. licarsisalis. Although signiÞcant, the developmental time for six-instar H. licarsisalis larvae was only 3 d longer than the 56 d from egg to adult for Þve-instar larvae. Therefore, the suggested beneÞts of an extended developmental period and increased niche size would be somewhat limited. Zenner-Polania and Helgesen (1973) suggested that additional instars in Playnota stultana (Walsingham) females allowed individuals to reach a greater size and may have been a beneÞt to fecundity. This theory could not be veriÞed for H. licarsisalis because individuals were not weighed and fecundity of adults was not determined. The larger Þnal head capsule widths of six-instar larvae, however, indicate that this theory deserves some consideration.
Inadequate nutrition and crowding of larvae or adults and genetic factors may trigger the occurrence of extra larval instars (Wigglesworth 1967) but are discounted in this experiment. All larvae received the same food and were housed individually. Eggs for each treatment were sourced from adults reared under identical conditions and the same parents used in each treatment. Furthermore developmental polymorphism Þrst occurred in the egg stage when eggs hatching into six-instar larvae took longer to develop than those for Þve-instar larvae.
Head capsule widths of Þve-instar larvae were similar to those published by Tashiro (1976) , except that Tashiro (1976) reported a signiÞcant increase in head width between young and mature Þfth instars. The average width reported for mature Þfth instars by Tashiro (1976) is similar to that of sixth instars in this experiment. In contrast, Barrion and Litsinger (1987) described head widths up to 2.7 times larger than those of equivalent instars described here and by Tashiro (1976) . Barrion and Litsinger (1987) measured excised and mounted head capsules rather than those of intact larvae, and this is may explain the differences. Variation in food source has also been shown to affect head size (Tomkins et al. 1989) .
Although temperature signiÞcantly affected head capsule widths of Þrst to third instars, the effect varied with instar and between Þve-and six-instar larvae and is therefore difÞcult to explain. Although other insect species have been shown to have decreasing head capsule widths on either side of some optimum temperature (Guppy 1969 , Frouz et al. 2002 , no such patterns were evident in this experiment.
In this investigation, daily leaf consumption increased linearly with temperature. An increase in consumption rate with temperature is to be expected because both development and respiration are temperature-dependent processes in insects and devel- opment is equal to the sum of feeding minus respiration (Trichilo and Mack 1989) . Extrapolation of the straight line regression gives an estimated lower threshold temperature of 11.2ЊC, when feeding ceases. This threshold is very similar to that calculated from the developmental rate versus temperature regression, adding weight to the view that the true value lies somewhere between 11 and 15ЊC. As has been shown for other Lepidoptera (Hammond et al. 1979, Trichilo and Mack 1989) , leaf consumption by H. licarsisalis larvae increased exponentially with instar. First and second instars of H. licarsisalis cause relatively little damage to kikuyu leaves. These larvae feed on the upper epidermal and mesophyll layers of the leaf blade (Tashiro 1976) , leaving small, clear, membranous windows. Older larvae are able to eat all the way through the leaf blade. Because by far the most damage is caused by Þnal instars, control measures targeted at younger instars will prevent signiÞcant levels of pasture damage. In the laboratory, larvae frequently leave many small fragments of leaf uneaten. Webbing structures and hibernaculae constructed by larvae and prepupae incorporate frass and leaf fragments. Whereas the behavior observed in this experiment may differ to that of larvae feeding on living plants, individual larvae will cause greater losses to kikuyu plants than the amount of leaf consumed.
Caution must be exercised when extrapolating results from the laboratory to the Þeld (Danks 2000) . Conditions such as humidity; food quality and quantity; light conditions; and the presence of predators, parasites, and pathogens will differ between the laboratory and the insectÕs natural habitat. Also, insect developmental rates at a constant temperature can differ from development at temperatures that vary around an equivalent mean (Bryant et al. 1999) . Results from this experiment, however, support the view that although H. licarsisalis are able to survive and develop at the lower temperatures experienced in Northland, relative to its more usual tropical habitat, these temperatures are close to its lower developmental threshold; therefore, survival of the population is tenuous and future geographical spread is likely to be limited. The data provide a starting point for understanding H. licarsisalis biology at these temperatures and will be useful in conjunction with Þeld-collected data for more accurate predictions of potential geographical distribution and survival.
